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gee THE BOTANICAL REVIEW 


INTRODUCTION 


This survey attempts to select from the voluminous literature on 
the nitrogen cycle, references relevant to little emphasized nitrogen 
sources and the nitrogen requirements of a number of seed plants. 
The review emphasizes general aspects of nitrogen conversion of 
interest to the plant scientist whose specialty is not microbiology, 
including interactions among the organisms concerned and environ- 
mental agencies which accelerate or inhibit nitrogen fixation or 
nitrification to the point of affecting agricultural practice. 

Around 70 spermatophyte species are known to occur naturally 
in a particular gypsum sand deposit having a maximum concentra- 
tion of only eight p.p.m. total nitrites and nitrates in the vicinity 
of a relatively luxuriant root growth (88, 251). Forty-four other 
species of vascular plants, seventeen of which are Compositae, are 
reported to grow on practically nitrogen-free soils (243). The 
explanation in all cases appears to be that plants of a low initial 
nitrogen requirement may grow in substrates which leach readily. 
Many soils, once crops start to develop, are practically devoid of 
nitrate because of its rapid uptake, though the amounts being liber- 
ated by soil organisms may be ample for good yields (37). Even 
in a prairie soil containing two or three tons of nitrogen per acre 
in the plow layer only a few pounds are available to plants at any 
one time (211). Nitrogen unavailability may sometimes result pri- 
marily from the absence of carbon to support a vigorous bacterial 
population (211). Recorded bacterial activity in certain South 
African soils can not keep pace with nitrogen losses from leaching 
and cropping (140). 

The original source of soil nitrogen is nitrogen fixation, which is 
the reduction of atmospheric nitrogen to ammonia or derivatives 
of ammonia. Most species of Azotobacter, one of the two most 
important genera of nitrogen-fixing soil saprophytes, fix nitrogen 
only when this element is not otherwise available in sufficient 
quantities for growth of the microorganism (43). On the other 
hand, nitrogen fixation occurs symbiotically on a large scale in root 
nodules of Alnus incana, a non-legume (226), and has been re- 
ported for a number of other non-leguminous seed plants (178, 191, 
149, 203, 243, 245, 246). Microorganisms capable of fixing soil 
nitrogen asymbiotically include certain saprophyte bacteria, in addi- 
tion to the classical Azotobacter and Clostridium spp. (257, 263, 
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113, 177, 72) ; yeasts (107, 106, 244) ; other fungi (81, 33), some 
of which are mycorrhizal (189) ; and a number of blue-green algae 
(32, 102, 128). Some nitrogen is fixed by lightning. 

Nitrification is the conversion to nitrates of soil ammonium com- 
pounds, formed originally in nitrogen fixation but in large part 
returned to the soil directly through plant and animal residues. 
Certain normal agricultural soils of North Carolina, inoculated at 
various times of the year into an ammoniacal solution, failed to 
nitrify, not producing enough nitrite or nitrate to react in the di- 
phenylamine test (266). Such soils are probably exceptional, how- 
ever. That non-biological phenomena may contribute to soil nitrifi- 
cation is evidenced by small increments of nitrogen in tropical soils 
upon exposure to light (74), the physicochemical oxidation of 
nitrite compounds at the surface of acidoid soil particles (230), and 
the spontaneous oxidation of nitrites to nitrates elsewhere in nature. 
Also, rain and snow return varying amounts of nitrogen to the soil 
(179). 

The importance of the role of non-biological nitrogen fixation 
or nitrification in soil economy is accepted with some reservations, 
however (48). Observed evidences of nitrogen increases are some- 
times attributable to errors inherent in the Kjeldahl method of 
analysis, which is inadequate where the criterion of fixation or 
nitrification is the difference in nitrogen content of substrates high 
in combined forms of this element (319). 


I. ORIGIN OF PLANT NITROGEN 


1. NITROGEN FIXATION. Biological nitrogen fixation is the reduc- 
tion of atmospheric nitrogen to ammonia or derivatives of ammonia, 
such as amino acids, through the agency of living organisms (30). 
Nitrogen fixation, the initial step in converting atmospheric nitro- 
gen to a form available to living things, is almost exclusively bio- 
logical, the only further definitely known mechanisms being fixation 
by atmospheric electricity and by man’s chemical syntheses (30). 

a. Nitrogen Fixation in Seed Plants. At one time only five of 
211 families of flowering plants were believed to fix nitrogen symbi- 
otically. More recently Rubus fruticosus, Aesculus hippocastanum, 
Linaria cymbalaria, Achillea millefolium, Helianthus scaberrimus, 
H. tuberosus and Iris germanica have been reported to bring about 
an increase in nitrogen content of the sand substrate in which the 
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plants grow, exceeding that accountable for by rain (245, 246). 
The experimental conditions, however, did not exclude physico- 
chemical or even microbiological reactions which increase total 
nitrogen. Ruderal, wall and desert plants as well as trees in gen- 
eral can live in practically nitrogen-free soils (243). It is possible 
that mycorrhizae are one nitrogen source for certain of these spe- 
cies, particularly for the trees. Other non-legumes reported to 
assimilate atmospheric nitrogen directly or symbiotically when this 
element is available in no other form include Diplotaxis tenuifolia, 
Leontodon taraxacum, Bryophyllum tubifolium, Sedum glaucum, 
Echeveria multicaulis, Crassula perfossa, Sempervivum tectorum, 
Trichodiadema stelligera (243), Triticum (178), Calluna vulgaris 
(149) and Zea mays (203). A number of other species, including 
Raphanus sativus, Acer negundo, Cucurbita pepo and Polygonum 
fagopyrum, are believed to assimilate some amount of atmospheric 
nitrogen direciiy (191). The use of isotopic tracers is in order in 
the further study of nitrogen sources of these plants (319). Zea 
mays is known to use ammonia in preference to nitrate where both 
are supplied in nutrient solution (183). If any form of atmospheric 
nitrogen is used directly by green plants, however, the amount 
appears to be insignificant compared with that absorbed by the 
roots in a combined form. 

The symbiotic genus Rhizobium, commonly associated with 
legumes, fixes appreciable quantities of atmospheric nitrogen in 
organic combination. Symbiosis between the nitrogen-fixing bac- 
teria and seed plants other than legumes may be fairly widespread 
(246). Nitrogen-fixing bacteria have been isolated from seeds and 
plant parts other than roots, and plants with a high rate of nitrogen 
formation, as blackberries and many Compositae, are associated 
with bacteria which fix nitrogen readily (245). Nodules contain- 
ing nitrogen-fixing bacteria occur on leaves of Chomelia asiatica 
(234) as well as roots of Eleagnus spp., Ceanothus americanus 
(262) and Casuarina (201). Actinomyces alni produces tubercles 
on Alnus incana roots, and uninoculated alders which do not re- 
ceive supplementary nitrogen soon die (226). The presence of 
root nodules gives alders a place similar to that of locust trees in 
nitrogen conservation (181). 

Azotobacter vinelandii has been reported to stimulate clover to 
form nitrogen in the absence of nodules, but clover fixes no nitro- 
gen in the absence of bacteria, which apparently supply plant tissues 
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with enzymes requisite for fixation (165). Neither Rhizobium 
cultures (15) nor excised nodules in nutrient containing oxalo- 
acetic acid fix nitrogen alone (9). Excised root nodules which 
appeared to fix nitrogen in the absence of bacteria were shown to 
have been contaminated with Clostridium spp. (279). 

b. Biological Nitrogen Fixation in Soil. Non-symbiotic nitrogen 
fixation varies with soil conditions, ranging from a few to more 
than 50 pounds per acre annually (179). Certain species of Azoto- 
bacter and Clostridium are the soil saprophytes most important in 
fixing atmospheric nitrogen, though a number of other bacteria and 
saprophytic soil fungi fix varying amounts (166). Physical and 
mechanical conditions of a soil determine whether Azotobacter or 
Clostridium predominates (54). The large numbers of anaerobes 
in certain Iowa soils are believed to assume an important role in 
nitrogen fixation, particularly at an acid pH (303, 304, 311). The 
doubling of the rate of nitrogen fixation in other soil samples when 
placed under anaerobic conditions confirms the importance of anaer- 
obes (282). Addition of calcium oxide or calcium carbonate has 
little effect upon the numbers of Clostridium or the amount of 
nitrogen fixed by this genus (312). Possibly because of the acid 
reaction and low phosphorus pentoxide in wheat soils of New 
South Wales, Azotobacter is so sparsely represented there that 
nitrogen fixation by this group can account for only one-fourth to 
one-third of the nitrogen requirement of the wheat crop (144). 
Anaerobic nitrogen-fixing bacteria of the butyric acid bacilli group 
seem to be of almost constant occurrence in a soil where Azotobac- 
ter was found in only 27 out of 85 samples (145). The absence of 
Azotobacter from a number of soils in which the nitrogen content 
is maintained at a high level would indicate that non-symbiotic fixa- 
tion is accomplished by Clostridium spp. (310). 

These two groups of nitrogen-fixing bacteria are not autotrophic, 
each requiring an organic source of energy. While they are not so 
poorly adapted as nitrifiers to ordinary media, it is commonly neces- 
sary to use special enrichment for their isolation (58). Mannitol 
is the carbon source ordinarily employed in media for Azotobacter 
culture (6). Sucrose, yeast and sodium thioglycollate are added 
to an inorganic nutrient in isolating Clostridium spp. (6). 

Most of the experimental work on nitrogen fixation by Azoto- 
bacter has been done on species A. chroococcum and A. vinelandii. 
A survey of 283 Colorado soils showed A. chroococcum in 210, 
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A. vinelandii in only two, and no Azotobacter in 27 per cent (115). 
Azotobacter is more widely distributed in irrigated than in dry land 
soils (115), and most species apparently fix nitrogen only when 
this element is not otherwise available in sufficient quantities for 
growth (43). In the presence of nitrates, amino acids and peptone, 
A. chroococcum utilizes the combined nitrogen of the medium 
(335). 

Nitrogen fixation activity has been reported for a number of 
other saprophytic bacteria. Azotomonas, an aerobic, Gram-nega- 
tive, non-sporulating rod capable of fixing nitrogen, occurs in cotton 
bolls, rice hulls and tropical soils (263). Two or three strains of 
Aerobacter aerogenes fix atmospheric nitrogen (257), and all 
strains accelerate nitrogen fixation by Azotobacter spp. (153). 
Rhodospirillum rubrum, a purple non-sulfur photosynthetic bac- 
terium, fixes molecular nitrogen (113) with photoreduction of 
carbon dioxide (177). Species of the green sulfur photosynthetic 
bacterium, Chlorobacterium, and the purple sulfur photosynthetic 
bacillus, Chromobacterium, have given positive results in prelimi- 
nary nitrogen-fixing experiments (177). The tropical aerobic 
genus, Beijerinckia, fixes atmospheric nitrogen (72). 

Evidence of nitrogen-fixing bacterial symbionts has been demon- 
strated directly or indirectly in the insect species Pterocallis jug- 
landis and Aprophora salicis (277), in insect groups Aphidida, 
Homoptera, Heteroptera, Orthoptera and Coleoptera (278), in the 
larvae of Ips amitinus, I. chalcographus and I. typhographus from 
Czech spruce forests (218), and in the woolly louse, Schizoneura 
lanigera (219). Experimentation suggests, however, that while 
Azotobacter may be associated symbiotically with aphids, there is 
normally no nitrogen uptake from the air by either organism (260). 
Nitrogen fixation by insect symbionts could only indirectly con- 
tribute to plant nitrogen sources. 

The few nitrogen-fixing fungi include Phoma radicis, P. r. cal- 
lunae and P. betae (33). Small amounts of nitrogen are appar- 
ently fixed by the yeast, Mycoderma bispora, isolated from a wood- 
boring insect (244), and by species of Saccharomyces, Willia, 
Pichia and Torula as well as by mycelium-forming Endomyces 
vernalis and Penicillium glaucum (107, 106). While reports that 
certain of the mycorrhizal fungi can fix atmospheric nitrogen do not 
stand up under experimentation (33), potatoes with endotrophic 
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mycorrhizae growing in a soil having only organic nitrogen are 
healthier than the controls lacking such mycorrhizae (189). My- 
corrhizal hyphae are in a favored position as competitors for availa- 
ble nitrogen, however, where they are supplied by the symbiont 
higher plant with a readily utilized source of energy (239). Wheat 
seedlings infected with Puccinia triticina show a greater amount of 
nitrogen per gram than uninfected controls (81). There is a defi- 
nite and certain correlation between the growth increments of 
Scotch pine, birch, aspen, alder and spruce trees and the total soil 
nitrogen content, indicating that the trees of the forests in question 
can make use of this element in whatever form it occurs, presuma- 
bly with the aid of mycorrhizae or other symbiotic organisms 
(138). 

c. Photochemical Nitrogen Fixation. Though the number of 
aerobic nitrogen-fixing bacteria in soils kept in the dark is approxi- 
mately ten times as great as in similar soils exposed to light, the 
nitrogen increase is greater in iluminated tropical soils than those 
kept in the dark, suggesting that in warmer climates there is a 
photochemical fixation of nitrogen (80). Sucrose in the soil is 
known to oxidize somewhat more readily in the light than in the 
dark, possibly contributing to the biological fixation of slightly 
greater percentages of nitrogen (270), since Azotobacter utilizes 
the decomposition products of carbohydrate in fixing nitrogen in- 
stead of carbohydrate itself (307). Negative results were obtained, 
however, in experiments attempting to demonstrate photochemical 
nitrogen fixation (151). Artificial ilumination with a lamp pro- 
ducing radiation from 2000 to 900A caused no fixation of soil 
nitrogen (302). Ultraviolet radiation of sugar at room tempera- 
ture does not produce ammonia, and neither ammonia nor oxides 
of nitrogen are formed in the non-biological oxidation of sugar 
(246). 

d. Nitrogen Fixation by Blue-Green Algae in Soil and Symbi- 
otically. Pure cultures of Nostoc (32, 128) and Anabaena fix 
atmospheric nitrogen while growing photosynthetically in mineral 
salt solution (32). Anabaena azollae fixes nitrogen which it sup- 
plies in symbiosis to the host plant, Azolla caroliniana (32). The 
nitrogen-fixing system in Nostoc muscorum resembles that of 
Azotobacter and Rhizobium in that all are sensitive to low concen- 
trations of carbon monoxide and are specifically inhibited by hydro- 
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gen gas (49). Nitrogen fixation sometimes occurs in sandy soil by 
symbiosis among Azotobacter, Oscillatoria and Gloeocapsa in the 
presence of calcium and at a pH around 6.75 (196). Increase in 
the organic nitrogen content of water in the Keiukov water reser- 
voir parallels the increase in number of the blue-green algae, 
Microcystis and Rhabdoderma spp. (4). The alga Chlorococcum 
humicolum, isolated in pure form from the coral roots of Cycas 
revoluta, grows well in a nitrogen-free synthetic medium, indicating 
the ability to fix this element (102). Though Cycas revoluta nor- 
mally occurs in soil low in nitrogen, the stems, leaves and seeds 
have a nitrogen content approaching that of legumes, and the ratio 
of nitrogen in the plants associated with the alga to that of non- 
infected controls is 271: 100 (332). Blue-green algae may fix sig- 
nificant quantities of nitrogen in rocky desert soils (103). The 
practical significance of blue-green algae as direct participants in 
the fixation of nitrogen in agricultural soils, however, remains to be 
determined (267, 268). Bacterial instead of algal activity is chiefly 
responsible for nitrogen fixation in rice fields of Bengal (55). 


2. SOIL NITRIFICATION. Nitrification is the conversion of soil 
ammonium compounds in two steps to nitrates. It is necessarily 
preceded by nitrogen fixation or by ammonification which is the 
liberation of ammonia from plant and animal residues by actino- 
myces, filamentous fungi and a variety of bacteria. Nitrification is 
not an original source of nitrogen available to plants, since the 
nitrogen in the compounds involved must at some previous time 
have been combined by fixation. 

a. Microbiological Nitrification. Each of the two stages of nitri- 
fication may be effected in the soil by several bacterial genera. 
Ammonia tends not to accumulate, being converted into nitrites 
and nitrates as soon as it is produced (230). Nitrifiers ordinarily 
act at the surface of soil particles in the vicinity of the sites where 
ammonia is adsorbed (170). 

The nitrifying bacteria are classified into two main categories 
(325), the nitrite-forming group, including five genera: Nitroso- 
monas, Nitrosococcus, Nitrosocystis, Nitrospira, Nitrosogloea; and 
the nitrate-forming genera, Nitrobacter and Nitrocystis (38). 
Nitrosomonas forms nitrites from ammonia and reduces nitrates to 
nitrites (231). Nitrifiers are autotrophic, not ordinarily growing 
on organic media (58). The inhibitory action of organic com- 
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pounds on nitrifying bacteria is on growth, not on nitrification 
(30). With both Nitrosomonas and Nitrobacter growth and for- 
mation of new cell substance are at the expense of carbon dioxide, 
and the energy required for reduction of the carbon dioxide is ob- 
tained from the oxidation of ammonia or of nitrite (30). Like 
most bacteria concerned with the nitrogen cycle, nitrifiers occur so 
sparsely in the soil that they can be obtained in plate culture only 
after repeated transfers through enrichment media. Nitrosomonas 
and Nitrosococcus can be isolated from soil samples added to media 
including small amounts of dipotassium phosphate, magnesium sul- 
phate, sodium chloride, ferrous sulphate and ammonium sulphate 
(6). The media recommended for culture of Nitrobacter differs 
only in containing sodium carbonate and in that sodium nitrite is 
substituted for ammonium sulphate solution (6). Isolation of these 
three nitrifying organisms from the enrichment media is completed 
by streaking on plates of silica gel (6). 

A group of nitrifying organisms distinct from the above is 
reported to occur in soil and in a sugar-beet effluent bed (66). 

Heterotrophic bacteria include nitrifiers, many such organisms 
having been reported in the Great Lakes (194), sea water, sewage 
and soil (154). Sewage nitrifies freely in running streams (266). 
Of 81 strains of bacteria isolated from water, soil, sewage, compost 
and animal feces, 37 produced nitrite in aqueous suspensions of soil, 
sewage and compost materials (223). 

Nitrification appears to be a much more common phenomenon 
in the sea than can be accounted for by the nitrifying bacteria which 
have been demonstrated (333). This discrepancy may be due to 
the inadequacy of the experimental methods employed (333). Be- 
yond the zone of land drainage, surface sea water has few or no 
nitrifying bacteria, but active populations of nitrifying organisms 
are found in bottom deposits (300). 

b. Photochemical. Ultraviolet radiation simultaneously oxidizes 
ammonium ions (233, 59) and reduces nitrate ions in solution to 
nitrite (63), two reactions also catalyzed by soil alone (64). In 
certain South African soils nitrification is attributed largely to 
photochemical oxidation at the soil surface (140), following adsorp- 
tion of atmospheric ammonia on soil colloids (139). Oxidation of 
insignificant amounts of nitrites occurs in sterilized grassland soils 
of India mixed with ammonium salts and exposed to light in glass 
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vessels for 700 hours (74). While negligible or no evidence of 
photochemical nitrification was observed in sterilized controls or 
unsterilized soils exposed to light by a number of other workers 
(104, 73, 302, 256, 299, 152), small increments in soil nitrogen do 
appear to occur in this way under tropical conditions (181). 

c. Physicochemical. Nitrites continually oxidize to nitrates in 
soil independently of microbiological or photochemical phenomena. 
This seems to be the reason why in nature nitrates occur in abun- 
dance and nitrites in only small quantities (230). Sodium nitrite 
and other nitrite salts are so highly unstable as to be infrequently 
available in a pure form (230). In a black cotton soil freed of 
exchangeable bases and agitated with water and 0.1 N KNOz ina 
mechanical shaker for various periods, the oxidation of KNOz2 to 
KNOs, independently of light, began almost instantaneously, in 13 
hours oxidizing 50 per cent of a total of 0.8496 gm. mixed with five 
gm. of soil and made up to 100 cc. with water. No bacterial agency 
could effect such huge conversions under normal conditions, and 
no bacteria could have survived the treatment with 0.05 N HCl to 
free the soil of exchangeable bases. Only 0.08 gm. of KNO: can 
be oxidized in an unshaken control in the same time interval, how- 
ever (230). Base-saturated soils shaken with nitrite solution for 
one month show no oxidation of nitrites, a possible explanation of 
the decreased productivity of highly alkaline soils (230). Sandy 
soils are like liquid in that the distribution of ions is relatively uni- 
form, while clay soils behave more like solid media, which explains 
the irregular distribution of nitrates and other ions at neighboring 
points in an apparently homogeneous section of tight soil and the 
activation of biological processes by tillage (69) or by the mechani- 
cal agitation applied in the above experimental study. 

Small amounts of nitrates have been produced in the absence of 
nitrifying bacteria by bubbling carbon dioxide through a nitrate 
solution for about eight hours (233). 

Nitrous oxides formed by lightning are carried to the soil in rain 
water. An average of 3.97 pounds per acre of nitric and ammonia- 
cal nitrogen was brought down by rain annually at Rothamsted 
(242), while at Ithaca, New York, with approximately the same 
amount of precipitation, 12.5 pounds of nitrogen per acre were 
returned to the soil annually by rainfall (313). Nitrogen, present 
in rain and dew in amounts of one part per 10,000,000 to two 
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p.p.m., may be absorbed directly, in part through the leaves (200). 
Rain and snow also bring down much of the dust carried in air cur- 
rents, a nitrogen increment which is much greater in industrial and 
thickly populated regions than elsewhere (179). It has been esti- 
mated that in certain parts of the world rain may in five or six 
years bring down sufficient nitrogen for the average wheat crop 
(144), though rain water also has a leaching action which varies 
from one soil to another. 

When rain or irrigation leaches nitrites and nitrates from super- 
ficial soil layers in contact with air, rapid nitrification occurs, par- 
ticularly intense at relatively high temperatures, which appears to 
be a purely physicochemical phenomenon independent of micro- 
organic activity (241). Physical chemists consider that the vast 
deposits of nitrate occurring naturally in the earth as saltpeter and 
other compounds were formed in physicochemical instead of bio- 
logical reactions. 


II, EFFECTS OF OTHER ORGANISMS ON THE 
NITROGEN SUPPLY 


1, SEED PLANTS. The presence of higher plants affects certain 
microorganisms more than others, causing only a slight increase in 
nitrogen-fixing bacteria and actinomyces and possibly influencing 
seasonal fluctuations in these organisms where the changes do not 
appear to be related to temperature and moisture (265). The 
effect of legumes on the soil microflora may be no more pronounced 
than that of non-legumes (265). Intact roots of lucerne or clover 
appear ordinarily not to excrete organic nutrients which affect 
Azotobacter (146). Rice and certain legume crops stimulate non- 
symbiotic nitrogen fixation by Azotobacter and Clostridium (185, 
250), while wheat roots and radish roots have a beneficial effect on 
Azotobacter (285). Alkaloids of Lupinus angustifolius in con- 
centrations of 0.01-0.1 per cent accelerate growth of Rhizobium 
leguminosarum on synthetic media (182), though R. leguminosa- 
rum can not fix atmospheric nitrogen in the absence of a host plant 
(15). Peas may excrete from ten per cent to almost 80 per cent of 
the nitrogen fixed, the amount depending largely upon temperature 
and light conditions (30). Regular excretions of nitrogen occur- 
ring from roots of chick pea are beneficial to both the growth and 
nitrogen content of associated wheat plants (188), the relative effi- 
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ciency of the nitrogen fixation mechanism appearing to be greatest 
when the ratio of chick pea to wheat is one to two (188). The 
beneficial effect of the association of chick pea on the growth of 
wheat, however, is neither marked nor constant (188), apparently 
in part because the conditions for abundant nitrogen excretion are 
apparently those which favor abundant nitrogen fixation but dis- 
courage plant growth (30). Also, the amount of nitrogen used by 
crops is sometimes small compared with that removed from the soil 
by other means. Of the nitrogen lost from certain wheat soils, only 
28.7 per cent was in the harvested crop, leaving 71.3 per cent un- 
accounted for (36). The decrease in soil nitrogen is sometimes 
largely attributable to zymogenous soil microflora which by its in- 
tense competition exhausts the supply of available nitrogen where 
an easily utilized energy-yielding material is present in excess 
(239). Observations on the soil bacterial flora have led to im- 
proved methods for composting or green manuring to avoid the 
harmful effects from crop residues in soil (58). 

Nitrogen excretion by legumes may be of less importance under 
field conditions than the decomposition of sloughed off root tissues 
(30). The bacterial population liberated in the soil where nodular 
tissue decomposes is transitory, probably not surviving for as long 
as one year. There are no more root-nodule bacteria for soybeans 
in plats that have grown soybeans as recently as two to three years 
than in soils from plats that have not grown soybeans for 20 to 25 
years (316). 

Both growth of and nitrogen fixation by algae in rice soils are 
considerably increased by the presence of the crop as a result of the 
greater supply of carbon dioxide evolved in respiration and decom- 
position (68). 

During the growing season more nitrate is formed in cultivated 
soil than in sod, and more on fallow than on cropped land (56). 
Yet in virgin soil of 21 Utah dry farms, nitrogen is 14.5 to 15.9 
per cent higher in the surface foot and ten to 14.6 per cent higher 
in the second foot than in cropped land (36), apparently because 
of nitrogen depletion by the crop. A fallow area, not having the 
same competition as sod or cultivated soil for plant absorption, is 
higher in nitrates (41). In all seasons nitrate nitrogen, moisture 
percentage and average numbers of bacteria are highest in fallow 
land and least in sod (205). On fallow land the accumulation of 
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nitric nitrogen occurs in the latter part of the summer and early 
fall, though soil moisture conditions are more favorable earlier in 
the season (35). Most of the available nitrogen found at the end 
of the summer period in fallow land is located the following spring, 
but at a slightly lower depth (35). Unless cover crops are grown, 
most of the nitrates produced during the fall and winter in culti- 
vated Arkansas soils are lost before spring (17). On a dry farm 
soil all of several experimental treatments resulted in nitrogen 
losses except where peas were rotated with winter wheat, and the 
greatest nitrogen loss occurred on plots cropped every third year 
with two clean intervening fallow periods. This was followed in 
order by permanent fallow, two crops in three years, and alternate 
wheat and fallow, with continuous wheat lowest in the cropping 
tests (120). Nitrate accumulation is low under a crop of celery, 
irrespective of whether the land has been in clean fallow or a cover 
crop has been turned under (204). 

The prolonged use of inorganic fertilizers in crop rotation with- 
out grassland intervals decreases nitrifiers, and soil nitrification 
drops while cellusolytic fungi and myxobacteria increase (199). 
Application of a grass mulch decreases initially high nitrate in 
Uganda soils, and the onset of rains causes both the rise in nitrate 
on a bare soil and the decrease under mulch (122). Many factors 
influence the interconversion and accumulation of nitrogenous com- 
pounds, however, and in certain Alberta soils fluctuations in nitrate 
nitrogen do not correspond closely to fluctuations in numbers of 
bacteria, fungi or actinomycetes (205) believed to be active in the 
nitrogen cycle. 


2. PROTOZOANS. Protozoans generally stimulate nitrogen fixa- 
tion (129). The feeding action of Amoeba spp. (100), Colpidium 
colpoda or Hartmanella hyalina on Azotobacter chroococcum has a 
stimulatory effect on nitrogen fixation by this species, apparently 
by maintaining Azotobacter efficiency for a longer period (65). 
The presence of Vorticella increases bacterial nitrite production up 
to a maximum of 3.8 p.p.m. (223). 


3. GREEN ALGAE. A hot water extract of the algae Chroococcum, 
Pleurococcus and Chlorella, as well as the medium in which the 
algae have been growing, favors growth and nitrogen fixation by 
A. chroococcum in mannite solution, and the green algae are 
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possible activators in the soil (308). Algal growth in rice fields, 
however, does not provide a suitable medium for the growth of 

sotobacter, nor does Azotobacter utilize dead algae as a source 
of energy in nitrogen fixation (271). The indirect role of the 
majority of soil algae in the fixation of atmospheric nitrogen is 
limited or non-existent (267). 


4. OTHER BACTERIA. Under proper conditions of moisture and 
oxygen, symbiosis exists between Azotobacter and cellulose-decom- 
posing bacteria (190). A group of bacilli, including certain species 
of Corynebacterium, which are facultative anaerobes and ferment 
cellulose with the production of organic acids, provide Azotobacter 
with substances serviceable in nitrogen fixation (145). Serratia 
marcescens, Bacillus subtilis (26) and Aerobacter aerogenes con- 
vert part of the insoluble soil nitrogen into a soluble form (27). 
Small non-spore-forming rods which reduce nitrate to nitrite, and 
most of which ferment cellulose, have been isolated from soil around 
roots of cultivated plants where they may live symbiotically (164). 
Cellulose fermenters reduce nitrate as rapidly as it is formed when 
nitrogen is present in the soil in a ratio of less than one part nitro- 
gen to 35 parts cellulose (12). An aerobic spore former isolated 
as a contaminant from a culture of A. vinelandit markedly stimu- 
lates nitrogen fixation by this organism if the medium does not 
supply an optimum amount of available iron (176). Nitrogen fixa- 
tion by Azotobacter increases as a result of simultaneous inocula- 
tion with Radiobacter (209). Twenty-five cultures of actinomyces 
isolated from soil, however, inhibited A. vinelandii on nutrient agar 
(206). The presence of Bacillus mycoides along with Rhizobium 
meliloti causes better growth in sweet clover than in strains inocu- 
lated with R. meliloti alone (87), though 42 to 92 per cent of the 
sporulating bacteria used experimentally show antagonistic reac- 
tions toward Rhizobium, and their antibiotic agents responsible for 
this antagonism, when partially purified, yield comparable results 
(51). An organism of the Bacillus mesentericus type, isolated from 
low moor peat and leaf mold, inhibits growth of Rhizobium and 
Azotobacter (298). 

Nitrogen fixation by lucerne and white clover in agar or sand 
cultures is not significantly stimulated by the presence of A. chroo- 
coccum, and high numbers of A. chroococcum prove harmful to the 
plants, possibly because of the excess production of heteroauxin 
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(146). Competition exists among different strains of nodule bac- 
teria (291), an inefficient strain sometimes preventing the entry 
of an efficient one into host roots (273). 


III. INFLUENCES OF PH ON NITROGEN FIXATION 
AND NITRIFICATION 


1, NITROGEN FIXATION. Aerobic bacterial nitrogen fixation 
occurs only in well-aerated alkaline soils (163). For 40 strains of 
Azotobacter the maximum hydrogen ion concentration compatible 
with growth varies between 5.5 and 6.0 (108), the optimum pH 
range for A. agile, A. vinelandii and A. chroococcum is between 
7.3 and 8.0 (28), and neither A. chroococcum nor Rhizobium 
leguminosarum survives at a pH below 4.5 (23). The optimum 
pH range for the growth and activity of Bacillus amylobacter is 
6.0 to 7.0 (166). 

Alkali soils increase in nitrogen-fixing ability upon leaching 
(117). Addition of ammonium salts to alkaline soils causes 
stronger nitrogen fixation than addition of organic matter, the re- 
verse of the action of these two additives in acid soils (105, 163). 
Anaerobes are believed to assume an important role in nitrogen 
fixation at an acid pH (311). Nitrogen fixation by Clostridium 
occurs only in the presence of decomposable organic matter and is 
characteristic of all soils made acid by humus from plant residues 
(112). 

Slight alkalinity favors nitrogen fixation by blue-green algae 
(103). The fixation of nitrogen by bread yeast is a function of pH, 
the two optimal concentrations being 6.0 and 7.9 (107). 

Bacteria associated with alfalfa usually fix atmospheric nitrogen 
satisfactorily only when the pH is as high as 6.5 (281). Soil pH 
affects activity of nodules in alfalfa more than the formation of new 
nodules, which is increasingly depressed at pH 5.5 to 5.6 or less, 
but in clover the number of nodules more often increases at acid 
reactions (147). Soil acidity is beneficial to nitrogen fixation by 
soybeans, and soybeans change the soil reaction toward the acid 
side by two pH points when started in a medium of pH 7.05 to 7.18 
(127). Soybeans planted in a soil of pH 5.6 to 6.37 fix more nitro- 
gen, however, contain more total nitrogen, and absorb more calcium 
and less silica from the soil (127). The pH values of tops and 
roots of the same plant vary widely, but those of nodules of 12 
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legume species examined were within the narrow range of 5.5 to 
6.4 (317). Rhizobium may shift the soil pH toward alkalinity with 
production of basic nitrogenous compounds or may increase acidity 
by formation and accumulation of organic acids from carbohydrates 
in plants (317). 

The proportion of fungi appears to follow pH rather than cli- 
matic factors (261), but the ratio of fungi to bacteria plus actino- 
mycetes in certain soils can not be correlated with pH. Aerobic 
nitrogen fixers present in forest soils at pH values as low as 4.6, 
but absent at a less acid pH and narrow calcium: magnesium ratio 
(142) are probably actinomycetes. 


2. NITRIFICATION. The pH optimum for Nitrosomonas, Nitroso- 
cystis, Nitrospira and Nitrobacter varies from 7.0 to 7.2 at the 
lower end of the range to 9.2 at the other extreme with little or no 
activity by any strains below 6.0 (325). Although nitrification is 
known to occur at a pH as low as 2.9, and acidity itself is probably 
never the inhibiting factor (238), nitrification is higher in soils 
having an alkaline reaction. The pH values of desert soils must be 
reduced to 7.7 plus or minus 0.1 before complete oxidation of am- 
monia to nitrate occurs and before nitrates accumulate in apprecia- 
ble quantities (193). Addition of various amounts of sulfuric, 
citric or tartaric acid intensifies nitrification in chernozem soils and 
suppresses it in decomposed soils, increasing calcium and water- 
soluble phosphorus pentoxide in both soil types (167). Nitrifica- 
tion occurs in acid soils only if carbonates are present (5). Car- 
bonate is essential for the nitrifying action of Nitrobacter in the 
oxidation of ammonium sulfate (326). Acid soils bearing Pinus 
sylvestris and Betula pubescens were found to contain no nitrifying 
bacteria (34). 


IV. RELATIVE EFFECTS OF DIFFERENT MINERAL ELEMENTS 
ON ORGANISMS ACTIVE IN THE NITROGEN CYCLE 


Phosphorus fertilization favorably influences Azotobacter devel- 
opment (19) and its rate of nitrogen fixation (236). Addition of 
superphosphate at the rate of 100 pounds/acre does not affect the 
longevity of Azotobacter introduced into a Geary silt loam having 
a pH value below 6.0 and from which Azotobacter is naturally 
absent, however, though the pH increases to 6.5 as a result of the 
treatment (110). The presence of Azotobacter in Iowa soils is 
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most closely correlated with pH, next with available phosphate, and 
still less with total nitrogen content (60). 

Use of superphosphate increases symbiotic nitrogen fixation in 
Trifolium alexandrinum and results in greater wheat yields in rota- 
tion (216). For maximum nitrogen fixation alfalfa requires more 
phosphorus pentoxide than most soils contain (13). Addition of 
phosphorus pentoxide and potassium catises an increase in number, 
but not in size, of nodules (228) and in per cent nitrogen content 
of legumes grown in subsequent years in legume-grain crop rota- 
tions (237). Given proper amounts of phosphorus and potassium 
together, legumes grown in greenhouses may increase nitrogen fixa- 
tion as much as 30 per cent (237). Nodule metabolism is influ- 
enced more by the concentration of phosphate than by the amount 
of potassium, however, and too much potassium inhibits nitrogen 
fixation (228), often acting as a respiratory poison as in the case of 
potassium oxalate (97). 

Calcium stimulates aerobic nitrogen fixation more than potassium 
(126), which accelerates carbohydrate production (101), and the 
influence of calcium is more pronounced at low potassium levels 
(126). Non-symbiotic nitrogen fixation in many soils, however, is 
accomplished by Clostridium spp., which require no lime (310). In 
a medium kept below pH 6.0 calcium has no measurable effect on 
Azotobacter chroococcum which grows readily at, but not below, 
pH 6.1 to 6.5 (109). Increasing soil alkalinity by addition of cal- 
cium ordinarily increases nitrification (39), protein decomposition 
and numbers of bacteria (235). Under nitrification conditions 
soils high in active calcium ions accumulate much more nitrite as 
an intermediate stage in the oxidation of ammonia than do soils low 
in active calcium, which oxidize nitrite to nitrate at a faster rate, 
an effect not attributable to pH (123). Calcium sulfate prevents 
loss of nitrogen from manure, reacting with volatile ammonium 
carbonate to form non-volatile ammonium sulfate (20). When a 
soil is perfused with ammonium sulfate solution nitrification occurs 
at the surfaces of soil particles where ammonium ions are com- 
bined or adsorbed instead of in the soil solution (170). Upon 
addition of calcium ions to the perfusate, the rate of nitrification 
diminishes in proportion to the amount of ammonium ions displaced 
from the soil surfaces by base exchange with calcium (170). The 
nitrification rate is proportional to the fraction of total ammonium 
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ions adsorbed on the base-exchange complexes of the soil, inde- 
pendently of ammonium ions in solution (170). 

As more calcium becomes available to nitrogen-fixing bacteria in 
soybean roots, nodulation and nitrogen fixation increase (3)., A 
divided root system of an inoculated legume shows restricted bene- 
ficial effects in parts in contact with calcium carbonate for ten days 
before transplanting (2). Best nodulation occurs when both plants 
and bacteria receive calcium, but when neither is supplied with cal- 
cium no nodules form (186). 

The elements most important as nutrient for legume bacteria, in 
order of decreasing activity, appear to be calcium, magnesium, 
barium, potassium and hydrogen (186). Nitrogen fixation by 
saprophytes increases in many western soils with the accumulation 
of plant residues, leaching of alkali and addition of the following ele- 
ments, listed in order of decreasing action: sodium, calcium, iron, 
magnesium, manganese and potassium (117). In Arizona’s culti- 
vated non-acid soils, however, water-soluble calcium, sodium, mag- 
nesium, phosphate, chloride or sulfate content is not closely corre- 
lated with Azotobacter activity (192). Sodium nitrate increases 
growth of many microorganisms, but retards or even inhibits Azoto- 
bacter (19). Since Azotobacter spp. can utilize ammonium salts, 
nitrites and nitrates, inorganic soil nitrogen (95) or compounds 
readily converted to ammonium ions (322) decrease the nitrogen- 
fixing activity of this species. Nitrogen fixation by Rhizobium 
leguminosarum, however, occurs in a soil containing up to 1500 
pounds of sodium nitrate or 1000 to 2000 pounds of nitrogen per 
acre as clover tops (1). 

As much nitrogen fixation by cowpeas may be expected in a soil 
containing 3000 pounds of total nitrogen per acre as in soils with 
lesser amounts (1). Supplying combined nitrogen as ammonium 
nitrate, ammonium sulfate or sodium nitrate in quantities corre- 
sponding to the normal rate of nitrogen fixation in soybeans, how- 
ever, practically inhibits nitrogen fixation, though considerable de- 
velopment of nodules still occurs (147). The depressing effect of 
nitrate ions on nitrogen-fixing activity appears to be associated 
with the direct use of nitrate by the plant (114). 

The essential roles of magnesium and iron in nitrogen fixation 
are indicated by an approach to no growth in Azotobacter at the 
lowest concentrations (134). The toxic effects of copper and zinc 
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on soil nitrification are less in organic than in mineral soils (173), 
apparently from adsorption of the metals on colloidal surfaces. A 
soil copper deficiency is biologically detectible by increased nitrify- 
ing power following the addition of copper (173). Concentrations 
of from 600 to 2000 p.p.m. of arsenic in soils do not adversely affect 
the nitrification of cottonseed meal (331). In concentrations of 
1: 100,000, K2SeOsg increases the ammonification power of bacteria, 
while K2SeO increases the nitrification ability, but both salts exert 
a toxic action at higher concentrations (184). Addition of lead, 
manganese, boron, fluorine, copper, zinc, arsenic or iodine in 
amounts of 2.5 and 10 mg./kg. of soil containing 4.5 per cent or- 
ganic matter, 0.012 per cent nitrates and 1.8 per cent calcium at a 
pH of 6.9 catalyzes the production of greater amounts of nitrates 
than in untreated soil (175). 

Moderate concentrations of heavy metals exert an inhibitory 
effect on the fixation of nitrogen by Azotobacter agile, presumably 
by reaction with the COOH group of the catalyst, while compounds 
which react with the basic group of the catalyst are stimulatory 
(93). Though neither growth nor nitrogen fixation in A. chroo- 
coccum is increased by concentrations of 1 to 100 p.p.m. boric acid 
(195), a dilution of 0.0005 M produces a 40 per cent increase in 
nitrogen fixation over the control (93). Certain other soil boron 
treatments have a similar stimulatory action (150), and a boron 
deficiency appears to cause symbiotic bacteria to live parasitically 
on cells of the nodule (84). 

While molybdenum is essential in the nutrition of a number of 
organisms, including higher plants, the molybdenum requirement 
of Azotobacter grown on fixed nitrogen is lower than the require- 
ment when grown with molecular nitrogen, suggesting that mo- 
lybdenum may play a role in nitrogen fixation (30). Molybdenum 
and related elements in amounts as low as two p.p.m. are believed 
to catalyze nitrogen fixation by Azotobacter (181), possibly through 
molybdenum acting as a reducing agent (42). Addition of mo- 
lybdenum increases nitrogen fixation by certain Azotobacter spp. 
ten- to 30-fold (135). The absence of Azotobacter from various 
localities on the Monterey Peninsula, California, is attributed to a 
molybdenum deficiency (288). Molybdenum may, to a certain 
extent, be replaced by vanadium (31). Traces of molybdenum also 
accelerate growth and nitrogen fixation by Anabaena, Nostoc (32) 
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and Clostridium butyricum (148). Legume seeds ordinarily con- 
tain larger amounts of molybdenum than seeds of other plants, and 
the root nodules of clover, vetch and lupine contain two to five 
times as much molybdenum as their seeds, supporting the hypothe- 
sis that molybdenum in root nodules has a role in nitrogen fixation 
(290). Legume responses to molybdenum treatment are most sig- 
nificant where nitrate or ammonium nitrogen supplies are inade- 
quate (11). 

Salt concentrations of 0.5 to 1.0 per cent stimulate Azotobacter 
growth (309), but species of this genus are completely inhibited by 
a salt concentration of 1.75 per cent (86). In Bedford silt loam at 
66 per cent of water-holding capacity, potassium chloride in con- 
centrations between 190 and 380 p.p.m. inhibits nitrite, but not 
nitrate, formation as a result of the action of the chloride rather 
than the potassium ion (125). 


V. OTHER CATALYSTS OR ACCELERATORS INVOLVED IN 
NITROGEN FIXATION AND NITRIFICATION 


Certain strains of legume bacteria form nodules on roots, but do 
not fix atmospheric nitrogen. These nodules differ from those of 
effective strains in lacking a red pigment having an iron content of 
0.29 per cent and much like hemoglobin of the blood (180). This 
pigment is confined to nodules and is absent from the root system 
proper as well as from other types of nitrogen-fixing organisms 
such as Azotobacter (30). Opinion differs as to whether active 
root nodules of leguminous plants contain three interconvertible 
pigments, hemoglobin (red), methemoglobin (brown) and a green 
pigment with a porphyrin ring system closely related to the first 
two (294), or whether there is only a mixture of hemoglobin and 
oxyhemoglobin, no methemoglobin being detected in certain plants 
kept in the dark for several days (157). On bright days root 
nodules of vigorously growing legumes are red, indicating large 
amounts of hemoglobin and an associated high nitrogen-fixing 
capacity, while on cloudy days a low nitrogen-fixing activity is 
associated with a brown color (294). Variations of the total iron 
content of the nodules, however, do not regularly coincide with 
fluctuations in nitrogen fixation (297). Strains of Rhizobium 
leguminosarum which cause nodulation but do not fix nitrogen are 
covered by a slimy layer which prevents oxygen uptake and at the 
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same time inhibits formation of the red pigment (293). Within 
legume root nodules the red pigment displays the property of oxy- 
genation characteristic of hemoglobin: Hb+O2—=HbO2 (157). 
The stimulatory effect of hemoglobin on the rate of oxygen uptake 
by bacteria directly from soybean nodules and by washed suspen- 
sions of Rhizobium trifolii, Escherichia coli and Torula canadensis 
at low oxygen tensions is somewhat more marked than the effect 
of the red pigment from leguminous root nodules (180). While a 
parallelism seems to exist between hemoglobin content of nodules 
and nitrogen-fixing ability (296, 297), extracts of this pigment 
from pea and soybean nodules will not induce fixation by free-living 
cultures of root nodule bacteria (210). Neither cells of legumes 
alone nor the symbiont, Rhizobium, can synthesize the hemoglobin 
independently (156), Rhizobium supplying the stimulus for pro- 
liferation of legume cells and also a factor necessary for hemoglobin 
synthesis. 

While Rhizobium produces indoleacetic acid from tryptophane, 
and application of indoleacetic acid in high concentrations to pea 
roots produces nodule-like swellings, many other organisms which 
produce indoleacetic acid do not produce nodules (30). It is likely 
that a more specific agent than indoleacetic acid alone is involved 
in nodule production (30). 

The content of hydrogenase, demonstrated in Azotobacter vine- 
landiu, A. agile and A. chroococcum (314), is correlated with the 
functioning of the nitrogen fixation reaction (168), and sources of 
combined nitrogen which readily inhibit nitrogen fixation by Azoto- 
bacter also retard hydrogenase formation (169). The systems re- 
sponsible for the oxidation of hydrogen and nitrogen fixation may 
possess common components (169). The fact that nodules of le- 
guminous plants lack hydrogenase indicates that it may not be gen- 
erally involved in biological nitrogen fixation (30), but in legumes 
fixation appears to be associated with the readily oxidized or re- 
duced hemoglobin. Nitrogen is fixed by combination with hydro- 
gen rather than with oxygen, which from the standpoint of energy 
makes it more efficient than the electrochemical process (307). 

Cell division in Azotobacter is linked with increased respiration, 
while in nitrogen fixation the respiratory level is constant and cell 
division ceases (141). Cell proliferation and nitrogen fixation by 
Azotobacter are influenced to different degrees by mercury, mag- 
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nesium and iron (91). Similarly Azotobacter sugar utilization in 
respiration and nitrogen fixation shows differential reactions to 
boric, molybdic and phosphomolybdic acids (93) as well as to alco- 
hols (97). 

Elimination of radium and other radioactive elements from the 
nutrient prevents the formation of root nodules on peas ; upon addi- 
tion of traces of radium, root nodule bacteria develop and assimilate 
nearly twice as much nitrogen as in controls (83). 

Decomposition of mushroom mycelium releases nitrogen from 
humus, lowers soil acidity and causes better growth and a dark 
green color in plants (202). 

Excretion of amino acids from nodules occurs, sometimes in large 
quantity (292). Occasionally this excretion is as much as 80 per 
cent aspartic acid, the best nitrogen source for legumes, but un- 
available to barley and wheat (292). Experimentally cystine and 
DL-methionine increase nitrogen fixation by A. chroococcum ap- 
proximately 20 per cent (118). Tyrosine, pL-isoleucine, hydroxy- 
proline and t-histidine greatly increase nitrogen fixation by this 
organism, while casein and albumen exert a lesser stimulus (118). 

The extent and rate of nitrogen fixation by Clostridium pasteuri- 
anum are increased two- to three-fold through the use of shaken 
cultures and other technical improvements (240). Removal of 
metabolic carbon dioxide during fermentation appears to accelerate 
nitrogen fixation, but addition of molecular hydrogen to the atmos- 
phere has no inhibitory effect (240). This response to hydrogen 
differs from that of aerobic agents of fixation—Azotobacter, Nostoc 
and symbionts—suggesting that the mechanism of fixation by Cl. 
pasteurianum is different, that the action of molecular hydrogen is 
dissimilar to that of metabolic hydrogen within the cell or that this 
bacterium has developed a compensatory mechanism which prevents 
molecular hydrogen from affecting its nitrogen fixation (240). 

Cellulosic materials like filter paper and dry leaf, when mixed 
with soil, result in an increase in total nitrogen (78). When small 
amounts of molasses are added the cellulosic substances undergo 
oxidation more readily, and there is a greater fixation of atmos- 
pheric nitrogen (77). Nitrogen fixation also takes place when 
sodium salts of organic acids are allowed to oxidize in air on the 
soil surface (78). Addition of 125 to 500 mg. of ascorbic acid to 
a 100 ml. culture of Azotobacter in an invert sugar solution in- 
creases the intensity of nitrogen fixation 26 to 33 per cent (98). 
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Temporary stimulation of the total soil population of bacteria, 
fungi and actinomyces follows disinfection (272). Hexachloro- 
benzene at the concentration ordinarily used has a slightly stimu- 
latory effect on Azotobacter and nitrite-forming organisms, but 
almost no action on Cytophaga, actinomyces and nitrifying or 
ammonifying organisms (227). 


VI. OTHER INHIBITORS OF NITROGEN FIXATION 
AND NITRIFICATION 


1, CARBON MONOXIDE, HYDROGEN. The common sensitivity of 
the nitrogen-fixing mechanisms of leguminous plants, Azotobacter 
and Noctoc muscorum to carbon monoxide or hydrogen inhibition 
suggests that nitrogen fixation is similar in the different groups of 
aerobic organisms (323). 

Hydrogen acts as a specific inhibitor of nitrogen fixation in three 
species of Azotobacter and of symbiotic fixation in red clover 
(328), inhibition depending upon the nitrogen as well as the hydro- 
gen concentration (320). The inhibitory action of molecular hy- 
drogen on Azotobacter is reversible and competitive (329). The 
toxic effect of hydrogen ions on soil bacteria is related to the high 
adsorbability of the ion, probably becoming toxic by its strong com- 
petition for adsorption sites (187). 

Hydrogenase activity is inhibited by urethane (221), sodium 
azide and cyanide (168). A concentration of M/1000 potassium 
cyanide suppresses the oxidation of hydrogen by A. vinelandii 
(315). The effect of carbon monoxide is comparable, while sodium 
azide, sodium iodoacetic acid and sodium fluoride inhibit respiration 
more than oxidation of hydrogen (315). Ammonium salts which 
completely inhibit nitrogen fixation by Azotobacter reduce the hy- 
drogenase content 65 to 85 per cent (169). Exposure of Nitro- 
bacter to free ammonia for several years does not kill the cells but 
poisons the nitrite oxidation mechanism (29). Reducing sub- 
stances in concentration suppress Azotobacter, which does not de- 
velop under anaerobic conditions (232). Ethylurethane hinders 
nitrogen fixation by Azotobacter by blocking the active bacterial 
surface concerned with fixation (90). 


2. MUTAGENIC INFLUENCES, EXCRETIONS. Azotobacter subjected 
to mutagenic influences produces strains which fail to fix nitrogen, 
but reverse mutations occur and can be accelerated by exposure to 
ultraviolet light (330). 
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Deleterious as well as beneficial effects may result from excre- 
tions in mixed cropping (328). Dominant bacteria on root surfaces 
are sensitive to the type of plant and stage of root development 
(57). Of 17 amino acids used experimentally, only phenylalanine 
and D-argenine materially retarded nitrogen fixation by A. chroo- 
coccum, but only phenylalanine occurs in sufficient quantities in 
soils to exert an inhibitory action (118). 

The organic soil fraction soluble in petroleum ether inhibits 
Rhizobium spp. (52). 


3. ANTISEPTICS, HERBICIDES. Sodium diethyldithiocarbamate 
poisons soil nitrification (171). Addition of 2,4-D to silt loam and 
sandy loam at rates of 100 p.p.m. or application of 500 p.p.m. to 
sandy soil has no significant effect on total plate counts of fungi, 
actinomyces or Protozoans in either soil, but in both soils Nitroso- 
monas and Nitrobacter are greatly decreased by 2,4-D in a concen- 
tration of 100 p.p.m. (249). Recovery is generally complete in 20 
days (259). 


4. BACTERIOPHAGE. The fatigue of alfalfa soils in France is 
ascribed to the presence of a bacteriophage for the root nodule 
organism (70). Observations on soil and plant samples from 29 
irrigated alfalfa fields revealed bacteriophage in eight soils with 
alfalfa three years old or more and in the root tissues of the three- 
year-old alfalfa in one field (286). Nodulation on affected plants 
was poor, and all nodules tested yielded bacteriophage (286). In 
a later study phage was found in every alfalfa field tested and in 
58 of the 62 samples taken, but there was no apparent correlation 
between phage incidence and the age of alfalfa stand, soil type or 
soil reaction between the pH limits of 5.26 and 7.39 (155). The 
lytic agent was isolated in only one instance from a soil not bearing 
legumes (155). Bacteriophage for nodule bacteria, however, fre- 
quently exists only on the surface of the nodules, and clover plants 
with the phage are vigorous and normal (82). One strain of phage 
lysed only nodule bacteria from clover, while another lysed, in addi- 
tion, the nodule bacteria of peas, vetch and lentils (82). A bac- 
teriophage against ammonifying bacteria caused total lysis under 
laboratory conditions (24). Bacteriophage adsorption diminishes 
and its effect on cultures increases with soil humidity up to 80 per 
cent of the total moisture capacity and decreases with diminishing 
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soil pH when introduced at pH 8.7 (160). Saturation with ferric 
or hydrogen ions inactivates both the bacteriophage and the bac- 
terial culture introduced simultaneously (160). 

Of 26 unidentified strains of aerobic spore-forming bacteria, nine 
caused the inactivation and two the lysis of Rhizobium meliloti 
phage (53). 

VII. SOIL AND PLANT NITROGEN IN RELATION TO GROWTH 


In agricultural soils the nitrogen as nitrates may amount to as 
much as 300 p.p.m. of moist soil (207). The yields of staple crops 
in India suffer when soil nitrogen becomes as low as 300 to 700 
p-p.m. (198). Peach trees make satisfactory growth only when the 
nitrogen content of the nutrient solution is maintained at 60 or 

“more p.p.m. (62). The green weight of peach and apple trees is 
much less with minimum levels of nitrogen than with low levels of 
either phosphorus or potassium (62). 

On the other hand, 70 spermatophyte species survive in gypsum 
sand having a concentration of total nitrites and nitrates of only 
eight p.p.m. (88, 251). Leaves of sweet potato plants receiving ten 
p.p.m. nitrogen are light green, but few are shed (174). In rooted, 
leafy citrus cuttings supplied with nitrogen as potassium nitrate in 
culture solution, growth at three and five p.p.m. is greater than at 
one and two p.p.m. and less than at the higher concentrations of ten 
and 15 p.p.m. nitrate (124). The plant requirement for nitrogen 
may be small, a concentration of nitrites or nitrates in the atmos- 
phere or cell sap equivalent to one part nitrogen to 120,000,000 
parts water ordinarily supplying a sufficient quantity for assimila- 
tive purposes (200). 

In nutrient solutions used for experimental work not concerned 
with nitrogen deficiencies, a total concentration of nitrogen of ap- 
proximately 55 p.p.m. is frequently maintained in the form of 
nitrates or ammonia or the two combined (132, 255). Plants 
which take up nitrogen exclusively as ammonium salts generally 
contain very distinctly higher percentages of nitrogen than plants 
supplied with nitrates (253, 229). This observation has been sub- 
stantiated for sugar cane (215), corn (183) and tomato (274). 
The more alkaline the nutrient solution, the more rapid the absorp- 
tion of nitrogen from ammonium salts (197). In apple trees main- 
tained at low temperatures and having an abundant carbohydrate 
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reserve there is a much more rapid synthesis of organic nitrogen 
from ammonium salts and a much more rapid increase in volume 
of the plant than in comparable cultures supplied with nitrate 
(208). In cotton plants under conditions favorable for carbohy- 
drate formation, ammonia is much more readily converted into 
organic nitrogen than is nitrate (133). Detoxication of free am- 
monia within lupine seedlings is accomplished by the formation of 
asparagine or glutamine in the presence of abundant carbohydrate 
reserves (44). 

The nitrate content of sugar beet petioles reaches a maximum in 
late May or early June and decreases to near zero at harvest, vary- 
ing directly with nitrogen content within the limits normally present 
in these soils (284). The earlier in the growing season that soil 
nitrate drops below 1000 p.p.m. and the more days it remains be- 
low this level, the smaller the yield and the higher the sucrose con- 
centration (284). The percentages of nitrogen under various ferti- 
lizer treatments are more than four times as high in the leaves as 
in the beets (131). Sugar beets grown in nitrogen deficient sand 
cultures with an excess of potassium contain 0.90 mg. of ammonia 
per 100 gm. of leaves, while with a surplus of nitrogen and a de- 
ficiency of potassium the ammonia content amounts to 29.4 mg. per 
100 gm. of leaves (85). The nitrogen percentage content of peas 
on a dry weight basis ranges from 3.91 at a soil pH of 5.3 to 4.17 
at a soil pH of 7.5 (280). The nitrogen content of potato leaves 
on a dry weight basis varies from 2.75 to 3.25 per cent in untreated 
soils to 4.50 to 5.25 per cent in soils given different fertilizer treat- 
ments, including various combinations of nitrate, phosphorus and 
potassium (21). The protein nitrogen level in barley leaves varies 
from 3.23 per cent in the youngest leaves to 4.06 per cent in mature 
and 2.52 per cent in the oldest leaves (227). The decrease in con- 
centration in the older leaves may result in part from dilution of the 
protein by increasing amounts of cellulose and other inert materials 
(30). This decrease no doubt also reflects withdrawal of water- 
soluble nitrogen to more actively growing centers (30), particu- 
larly in the nitrogen deficient plant. Over a period of 20 days 
nitrogen in the fourth leaf of nitrogen deficient barley plants, ex- 
pressed as a percentage of dry weight, dropped from 1.82 to 0.19, 
a decrease to nearly one-tenth (305). These leaves are, however, 
entirely capable of protein synthesis, since when nitrogen is sup- 
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plied protein is rapidly synthesized (305). Similar results have 
been obtained with cotton (222). The total nitrogen content of 
mature leaves from dicotyledons growing in gypsum sand having 
a maximum concentration of nitrite and nitrate of eight p.p.m. 
ranged from 1.25 to 4 per cent of the dry leaf weight (252). 

Since comparative nitrogen recoveries in crops are not markedly 
different upon application of 40 pounds and 80 pounds of nitrogen 
per acre (225), fertilizer treatments may often supply an excess of 
nitrogen. Of the total nitrogen present in forest soils, 90 to 95 per 
cent is unavailable as heterocyclic polyoxy compounds of high 
molecular weight, the lignin-protein complexes (269). 

Recorded bacterial activity often can not keep pace with nitrogen 
losses by leaching and cropping (140). Soil nitrogen depletion by 
these means or otherwise may be twice as great as that utilized by 
plants (75, 179). Ammonium nitrate decomposes rapidly to mo- 
lecular nitrogen and water in sunlight and more slowly in the dark 
(75). In a three-inch soil layer exposed to the weather for 78 
weeks, however, ammonium nitrogen increased much more rapidly 
than nitrate nitrogen, and organic nitrogen not at all, pointing to 
the conclusion that replenishment of soil nitrogen may possibly 
occur through adsorption of atmospheric ammonia (140). 

The entire Azotobacter inoculation problem apparently hinges 
upon conditions in the soil inoculated. In general, no significant 
effects of inoculation with commercial nitrogen-fixing bacterial cul- 
tures, as Azotogen, Legumin and Radicin, on dry weight, nitrogen 
content of plants or yields have been observed (10, 275, 248, 249). 
There is no evidence that maintenance of Azotobacter in a soil for 
a period of 20 days influences either the crop or the soil nitrogen 
balance (110). Soil inoculation with Azotobacter has no effect on 
yield in sand cultures of corn (264). The presence of other bac- 
teria may prevent Azotobacter growth in the vicinity of root hairs, 
however (264). It is possible that the excretion products of root 
hairs have to be changed by other bacteria before being utilized by 
Azotobacter (264). 

Root nodule bacteria were found to fix 67 pounds of nitrogen per 
acre from August to the following June, an amount equivalent to 
the nitrogen contained in approximately 420 pounds of sodium 
nitrate (67). Yet, following a legume crop certain soils often con- 
tain less nitrogen than the next crop will require (276). Maxi- 
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mum dry weight yields of soybeans are obtained when applications 
of readily available combined nitrogen are made rather than when 
plants develop mainly on nodule nitrogen (212). Under conditions 
favorable for rapid growth, urea nitrogen increases soybean yields 
but has little effect upon total plant nitrogen content (224). 


VIII. EFFECTS OF CARBOHYDRATE AND NITROGENOUS COMPOUNDS 
ON NITROGEN FIXATION AND NITRIFICATION 


While crop yields are probably more directly related to the sup- 
ply of available soil nitrogen than to any other single factor, the 
nitrogen cycle is dependent upon and dominated by the carbon cycle 
(211). Legume root inoculation occurs only if the internal ratio 
of carbohydrates to soluble nitrogen is not extreme (318, 181). 
Nodules develop only where enough carbohydrate is present to 
allow at least moderate root growth (7). Decreased nodulation in 
the presence of soluble nitrogenous salts results from inadequate 
carbohydrate in the roots, since where nitrogen is abundant carbo- 
hydrate is used for growth in above-ground parts where it is syn- 
thesized (8). The inhibitory effects of combined nitrogen upon 
nodule production by inoculated red clover plants can be partially 
overcome by supplying additional carbon dioxide to increase carbo- 
hydrate synthesis in the plant (111). High carbohydrate favors a 
wide distribution of nodules over the root system rather than their 
localization near the upper portions of main roots characteristic 
of plants with a low carbohydrate level (8). As the carbohy- 
drate : nitrogen ratio narrows under a restricted carbohydrate sup- 
ply, as commonly occurs in old nodules, the host tissues are para- 
sitized, true symbiosis existing only under conditions of readily 
available carbohydrate (273). An extremely high carbohydrate: 
nitrogen ratio in the plant, however, inhibits nitrogen fixation as 
does an extremely low ratio (214), fixation by symbiotic bacteria 
being a function of the richness in mineral nitrogen of the medium 
and the activity of the inoculating bacteria (71). Inoculated soy- 
beans grown in nitrogen-free sand under normal high light intensity 
form numerous large nodules but fail to fix atmospheric nitrogen 
(214). 

A single crop of soybeans may fix up to 165 pounds of nitrogen 
per acre, an amount increased somewhat by straw (224) applied 
under the proper conditions and at an appropriate time. In green- 
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house experiments straw added at planting time or six weeks earlier 
decreases the yields of inoculated soybeans (224) unless the nitro- 
gen supply is such as to maintain a carbohydrate: nitrogen ratio 
not greater than 20:1 (247). 

When calcium nitrate enriched with N?° is added to soil in the 
presence of oat straw it is first immobilized by microorganisms, and 
its mineralization follows subsequently (40). Nitrogen of green 
manure, inactivated by carbon, results in the formation of nitric 
acid, and is only slowly released to subsequent crops (225). As 
the decomposition of plant materials proceeds and the carbon con- 
tent decreases, the amount of soil nitrogen also decreases materially, 
though not to the same extent as the carbon (217). The rate of 
cellulose decomposition in the soil increases with increase in avail- 
able nitrogen until nitrogen is present in amounts necessary for 
optimum growth, a point reached when the ratio of nitrogen: cellu- 
lose is about 1:35 (12). With lower amounts of nitrogen the 
cellulose fermenters reduce nitrate as rapidly as formed (12). 

The carbohydrate: nitrogen ratio in the soil is a factor exerting 
an influence on nitrification as profound as that of soil reaction, 
which to a large extent explains the less complete utilization of 
barnyard manure nitrogen as compared to nitrogen in artificial 
fertilizers (143). The rate of soil nitrification is retarded if the 
carbohydrate : nitrogen ratio is greater than 20: 1 and is influenced 
by the composition of the organic matter, the rate at which it is 
decomposed, and by the nature and solubility of the nitrogen source 
(247). In soils high in carbohydrate poor plant growth results 
from lack of nitrate, not from direct inhibition by carbohydrates 
(12). Nitrogen may be retained in the soil by a heterotrophic 
population which sometimes builds up quickly as where glucose is 
percolated through soil having a mineral source of nitrogen (172). 
When the supply of carbohydrate is exhausted and the population 
begins to decline, ammonia is produced through lysis of dead cells, 
and some of the immobilized nitrogen is again released (172). 

Application of molasses to the nitrogen-deficient soils of India 
increases soil nitrogen and crop yield (77). Anaerobic fermenta- 
tion of the molasses before application to the soil results in a nearly 
three-fold increase in nitrogen-fixing ability compared with unfer- 
mented molasses (25). The molecular nitrogen fixed after appli- 
cation of five tons of fermented molasses per acre, however, is 
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equivalent to only 200 pounds of ammonium sulfate (25). Under 
other conditions large applications of molasses may arrest nitrifica- 
tion, causing conversion of ammonium compounds into organic 
nitrogen (61). 

Nitrification is weaker in conifer than in mixed forests, though 
the water-soluble substances of autumn leaf fall have a depressing 
effect on nitrification (254). Various organic substances which 
are supposed to inhibit nitrification in culture do not markedly 
inhibit oxidative nitrification in soil, even at a concentration of 0.1 
per cent (171). Lignin functions in the preservation of nitrogen 
by acting as a buffer for the absorption of ammonia and functioning 
in the direct fixation of some of the protein in lignoprotein com- 
plexes (301). Fixation of ammonia by lignin occurs through 
simultaneous oxidation and nitrogen fixation by way of the phenolic 
hydroxyl groups of lignin (22). Lignin fixes nitrogen in an acid 
medium, while nitrogen fixation by cellulose requires a basic me- 
dium (159). Sawdust has little value as a soil improver and may 
cause nitrogen deficiencies in succeeding crops, especially vegeta- 
bles, for a considerable time (306), apparently providing a sub- 
strate for a bacterial flora which immobilizes the essential nutrients. 

The reduction of nitrates and nitrites by soil bacteria is effected 
most rapidly where the carbohydrate: nitrogen ratio is low (14). 


IX. NITROGEN SOURCES OF MICROORGANISMS 


Azotobacter chroococcum uses combined in preference to atmos- 
pheric nitrogen, but in the presence of plant material the growth, 
consequently the nitrogen requirement, is so greatly increased that 
this species also utilizes nitrogen of the air (335). Little or no 
nitrogen fixation occurs in a culture medium containing ammonium 
salts, but in most soils nitrogen fixation by Azotobacter is not 
markedly retarded by the presence of nitrogenous materials (136). 
Of 35 organic compounds tested as nitrogen sources for Azoto- 
bacter grown in the absence or nitrogen gas, only urea, asparagine, 
aspartic acid, adenine and glutamic acid were definitely assimilated 
(136). Only urea was as readily utilized as ammonium salts, 
nitrites or nitrates (136). It appears that A. chroococcum utilizes 
the inorganic nitrogen by-products formed in cellulose decomposi- 
tion by Sporochaeta cytophaga, leaving the medium more acid in 
the presence of ammonium sulfate and more basic in a nitrate 
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medium (258). Twice as much nitrogen is fixed in soil aerated 
with nitrogen gas free from ammonia as in soil lots aerated with 
ammonia gas, indicating that anaerobic nitrogen fixers are more 
active than aerobic under the conditions investigated (282). 

There is no selective action in the fixation of N** and N* atoms 
by A. vinelandii (41). Nostoc muscorum, A. vinelandii, Cl. pas- 
teurianum and inoculated red clover plants assimilate 100 to 1000 
times the quantity of molecular N! necessary for detection (47). 

Since only the ammonia nitrogen of manure undergoes nitrifica- 
tion, there is no trace of nitrification following the distillation of 
manure (16). As shown by the following table, nitrification of 
cottonseed meal and ammonium sulfate is decidedly accelerated by 
calcium carbonate (326). 


TABLE I 


NITRIFICATION IN Sorts (326) 


Nitric nitrogen in mg. produced per 
00 gm. of soil in three weeks 


Alone With CaCOs 


Pasture soil 
Ammonium sulfate 


7 
Cottonseed meal 32. 3. 

0 

7 


Garden soil 

Ammonium sulfate 

Cottonseed meal i 
Sandy soil 

Ammonium sulfate 

Cottonseed meal 


0. 
0. 


In setting up the above experiment, each 500-gm. soil sample 
was mixed intimately with the quantity of cottonseed meal or 
ammonium sulfate containing 0.3 gm. of nitrogen (326). Some 
soils in the presence of calcium carbonate nitrify ammonium sulfate 
to a greater extent than cottonseed meal, while other nitrify cotton- 
seed meal more readily (326). Two factors influencing nitrifica- 
tion are probably the inhibitory action on nitrifying organisms of 
ammonium sulfate and of the acids formed in the absence of bases to 
neutralize them (326). Also, different soils may contain different 
classes of nitrifying organisms, some of which oxidize ammonium 
salts more rapidly, while others prefer organic materials (326). 

Bacillus pyocyaneus and B. liquefaciens are denitrifying bacteria 
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which may develop at the expense of nitrates without other nitro- 
gen sources, but certain other denitrifying species require ammonia 
in addition to nitrates (161, 162). 


X. RELATIONS OF MOISTURE TO SOIL NITROGEN 


Maximum nitrification in a number of soils of temperate areas 
varying from loose sand to tight clay occurs at a moisture content 
ranging from 50 or 60 per cent (116) to 70 or 80 per cent of the 
moisture-holding capacity (116, 130). Nitrification in one type of 
tropical soil is highest at 77 inches of rainfall annually and lowest 
at 163 to 180 inches (41). In the Philippine Islands the highest 
nitrate content coincides with the period of moderate soil moisture 
and the lowest with the time of lowest moisture content (283). 
Rainfall carries soil nitrates downward in everglades peat, con- 
siderably reducing their accumulation by the end of the rainy sea- 
son (204). Normally, however, the onset of rains marks the rise 
of nitrates on a bare soil and the drop under mulch (122). Air 
drying causes rapid conversion of ammoniacal to nitrate nitrogen, 
increasing the nitrifying, ammonifying and nitrogen-fixing abilities 
of the soil (158). 

According to plate counts on 52 soils, Azotobacter spp. are usu- 
ally present in irrigated lands but absent from non-irrigated soils 
in rainfall belts of less than ten inches and only infrequently present 
in rainfall belts of 15 to 20 inches (285). Yet resistance to desicca- 
tion is evident in A. chroococcum cultures dried on dextrine agar 
and kept in this condition for ten years, but appearing normal after 
a few transfers and fixing only 16 per cent less nitrogen than con- 
trol cultures (213). The competition between soil and micro- 
organisms for water is influenced by mineral colloids, as clay, which 
affect the organisms through adsorption and diffusion of their 
soluble products (69). 


XI. EFFECTS OF SEASONAL INFLUENCES AND TEMPERATURE 
ON THE NITROGEN CYCLE 


In French soil and subsoil of five types ammonification and nitri- 
fication reach maxima in autumn, denitrification is most rapid in 
winter, and nitrogen fixation does not vary greatly with the time of 
year (289). Where differences in seasons are more pronounced, 
however, most nitrates accumulate in summer and least in winter 
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(18). Under the climatic conditions in Arkansas appreciable 
amounts of nitrates are produced in soils during fall and winter, 
but in the absence of cover crops most of these nitrates are lost 
from the soil before spring (17). Humidity of 40 to 70 per cent 
and temperatures of 34 to 38° C. are optima for nitrate accumula- 
tion in sandy desert soils (334). The presence of nitrite in a 
brackish lagoon is detectible only during the winter months of No- 
vember to February, which probably indicates that in other seasons 
the change from ammonia to nitrate occurs too rapidly for accumu- 
lation of the intermediate stage (50). 

In warmer climates the optimum temperature for nitrogen fixa- 
tion by Azotobacter strains is between 35 and 40° C. as opposed 
to 28° C. in temperate areas (121, 76). There is hardly any am- 
monia formation by Azotobacter below 10° C. or above 60° C. 
(76), which would indicate that aerobic biological fixation occurs 
chiefly during warm months when inorganic nitrogen is continu- 
ously being removed by vegetation, while during the colder months 
it leaches to somewhat lower levels or is lost by volatilization. The 
greatest numbers of microorganisms at the end of 24 months of 
storage occur in soil maintained at 10° C. and fewest at 40° C. 
Storage at 10° C. for 24 months, however, greatly reduces the 
nitrogen-fixing capacity of soils compared with similar soils stored 
at 20° C. and 30° C. (119). Seasonal changes and the accompany- 
ing temperature fluctuations are also most important in controlling 
the nitrifying bacterial activity in soils (18). 


XII. NITROGEN LOSSES FROM THE SOIL 


It was estimated in 1930 that more than 23 million tons of nitro- 
gen are being lost annually from soils in the United States through 
harvested crops, grazing, erosion and leaching, while only slightly 
more than 16 million tons are being returned through fertilizers, 
rainfall, irrigation waters, plant residues and fixed nitrogen, leaving 
an annual deficit of more than six and a half million tons (179). 
A more recent estimate assumes an annual loss of ten million tons 
of nitrogen from agricultural soils in this country, a figure equiva- 
lent to more than 30 times the amount of nitrogen supplied by 
chemical fertilizers (30). 

Fixed nitrogen leached from the soil is carried away in runoff or 
soil water and is contributed to the ocean (30). Marine organisms 
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seem to depend mainly on this source of fixed nitrogen, since the 
ocean appears to support little nitrogen fixation (333, 30). Avail- 
able nitrogen often limits the productivity of the sea (333). Much 
of the nitrogen contained in human food crops passes ultimately 
into sewage and is contributed to drainage water (30). 

Other smaller losses of fixed nitrogen are due to denitrifying 
microorganisms, principally anaerobes which reduce nitrate to mo- 
lecular nitrogen (30). Man also accomplishes significant amounts 
of denitrification in the combustion of explosives such as nitro- 
glycerine and trinitrotoluene in which the oxygen of the nitro group 
is used as hydrogen acceptor for the combustion of reduced organic 
compounds (30). 


XIII. MECHANICS OF AEROBIC NITROGEN FIXATION 


Studies of the enzyme systems involved as well as experiments 
with N® as a tracer indicate that ammonia is the most probable key 
intermediate in nitrogen fixation by Azotobacter (46, 324), a view 
supported by the preference of A. vinelandii for ammonia rather 
than nitrate when supplied with ammonium nitrate (49). Thus 
Azotobacter fixes nitrogen by combination with hydrogen instead 
of oxygen (307). This makes the biological process more efficient 
than electrochemical fixation from the energy standpoint (307). 
The energy efficiency of nitrogen fixation has been estimated to be 
the same as in fermenting glucose, which disproves the theory that 
only carbon-linked hydrogen participates in the hydrogen transi- 
tions of nitrogen fixation by Azotobacter (94). 

It has been postulated that the endothermic reactions of nitrogen 
fixation by Azotobacter are promoted by a catalyst which is not the 
respiratory enzyme (321, 92), its structure including COOH, NH2 
and C:O groups (92). The active group in nitrogen fixation is 
believed to be R—CH—NH2—?—COCOCO3H, possibly diketo- 
aminoglutamic acid, which is bound to a protein or a colloidal 
carrier exchanged in the process of fixation (99). This fixation is 
believed to consist of addition of nitrogen across the two C:O 
groups, followed by reduction of active hydrogen furnished by the 
dehydrase system, in the course of which the protein moiety is 
changed to one with a lower oxidation potential, and the nitrogen 
adduct is altered to —C(ONHNHz2) : C(OH)COsH, which then 
proceeds to —C(OH) : C(OH)COeH and RC(COzH) ; the latter 
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interacts with keto acids in the presence of dehydrase, yielding 
amino acids and water (99). This scheme would explain the posi- 
tive action of oxygen, hydrogen peroxide, boric acid, molybdic acid 
and oxidizing agents in general as well as the repressing action of 
hydrogen, hydroquinone, hydrogen sulfide, aldehydes and reducing 
agents (99). Surface-active agents block the surface between the 
active group and the protein, retarding the reaction (99). 

It has been proposed that nitrogen fixation in legume nodules 
follows the scheme (295) : 


OH= 
+ 


+ 
Oeketodicarboxalic acid Oeketodicarboxylic acid 
oxime aspartic acid and 

part 


glutamic acid 


This theory is supported by the occurrence of nitrogen in these 
legumes in early growth almost exclusively in the form of a-amino 
nitrogen which is almost entirely aspartic acid, but with demonstra- 
ble amounts of glutamic acid in peas (295). The approximately 
100 per cent inhibition produced by a 10-? molar concentration of 
NH:2OH, however, does not favor the conclusion that it is an inter- 
mediate in nitrogen fixation (220). Hydroxylamine, which is 
highly toxic, can not be used as a nitrogen source of either Azoto- 
bacter or legumes (30). Hydroxylamine has been reported to 
appear transiently under alkaline conditions and more permanently 
in an acid medium in the bacterial oxidation of ammonia (59), 
however, and non-nitrogen fixing Aspergillus and a number of 
higher plants also form hydroxylamine (30). 

It is not known whether the respiratory enzyme hydrogenase in 
Azotobacter and the readily oxidized or reduced hemoglobin com- 
pounds in legume nodules are associated with nitrogen fixation. 
In Azotobacter sugar utilization in respiration and nitrogen fixation 
shows differential reactions to boric acid, aliphatic acids and alco- 
hols (96). The source of energy for Azotobacter in nitrogen fixa- 
tion, however, is the decomposition products of sugar, not the sugar 
itself (307). Certain substances which repress respiration in 
Azotobacter have little effect upon or stimulate fixation (96). 
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Similarities among the proposed nitrogen-fixing mechanisms of 
different aerobic bacteria include the reaction with keto acids (99) 
and the production of ammonia and possibly hydroxylamine as 
intermediate products (92, 295). 


XIV. SUMMARY 


The survival of many vascular plants on what have been desig- 
nated as essentially nitrogen-free substrates (88, 243, 251), the 
failure of recorded bacterial activity to keep pace with the soil nitro- 
gen losses from leaching and cropping (140), and the existence of 
non-nitrifying agricultural soils (266) appear to justify the refocus- 
ing of certain facts relevant to the nitrogen sources and minimum 
nitrogen requirements of seed plants. 

In addition to the traditional biological sources of plant nitrogen, 
nitrification on a large scale occurs as a result of oxidation at the 
surfaces of acidoid soil particles (230), a phenomenon accelerated 
by tillage (69) and possibly also by perfusing the soil with water. 
In nature nitrites oxidize readily to nitrates in the absence of bac- 
terial action (230). Varying amounts of nitrous oxides, ammonia- 
cal nitrogen and other forms of nitrogen in dust particles are 
returned to the soil in rain and snow (242, 200, 313, 241, 144, 30). 

Symbiosis between nitrogen-fixing bacteria, including Bacillus 
planticola rubescens (243) and Actinomyces alni (226), and cer- 
tain non-leguminous species of seed plants may be a widespread 
phenomenon (234, 262, 201, 226, 243, 245, 246), and a number of 
non-legumes are believed to assimilate atmospheric nitrogen symbi- 
otically or by some other means when this element is not available 
in any other form (178, 149, 203, 243, 245, 246). 

Physical and mechanical conditions of the soil, particularly pH 
(311), determine which of the saprophytic nitrogen-fixing genera, 
Azotobacter or Clostridium, predominates (54). Azotobacter (28), 
certain blue-green algae (103) and most nitrifying bacteria (325) 
are favored by a well aerated, slightly alkaline soil, while with 
moderate acidity the nitrogen-fixing organisms are chiefly Clo- 
stridium spp. (311) and symbionts (127). The tropical genera 
Azotomonas (263) and Beijerinckia (72) as well as Rhodospiril- 
lum rubrum (113), Chlorobacterium, Chromobacterium (177) and 
certain strains of Aerobacter aerogenes (257) are also capable of 
fixing atmospheric nitrogen, which may or may not be quantita- 
tively significant to agriculture. 
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The practical value of nitrogen fixed in large amounts by Nostoc 
(48), Anabaena (267), a number of other blue-green algae (268) 
and by fungi other than certain bacterial genera remains to be 
evaluated. Serratia marcescens, Bacillus subtilis and Aerobacter 
aerogenes are known to convert insoluble nitrogen compounds to 
a soluble form (26, 27). 

The effects of carbon dioxide and other root excretions of differ- 
ent crop plants on the nitrogen-fixing soil microflora are variable 
but not marked. The root excretions of chick pea benefit associ- 
ated wheat plants most when the ratio of wheat to chick pea plants 
is 2: 1, though the beneficial effect of the association on the growth 
of wheat is neither marked nor constant (188), possibly in part 
because the conditions which favor excretion discourage plant 
growth (30) or because only 28.7 per cent of the nitrogen lost from 
certain soils is in the harvested crop, leaving 71.3 per cent un- 
accounted for (36). Soil nitrogen is sometimes immobilized or 
exhausted by a zymogenous soil microflora (239), and varying 
amounts are leached or lost by volatilization. 

Nitrate nitrogen (56), moisture content and numbers of bacteria 
are highest at all seasons in fallow land and lowest in sod (205). 
Fluctuations in nitrate nitrogen often do not correspond closely to 
variations in numbers of bacteria, fungi or actinomyces (205) be- 
lieved to be active in nitrification or nitrogen fixation, possibly 
because nitrate may accumulate by physicochemical means, various 
crops remove different amounts of nitrogen, and losses by volatili- 
zation and leaching vary from one soil to another. 

The stimulatory effect of soil Protozoans (65, 100, 129) and cer- 
tain green algae, as Chroococcum, Pleurococcus and Chlorella 
(308), on Azotobacter is indirect and limited (267). A number 
of soil bacteria have been demonstrated to have an inhibitory action 
(51, 206, 298) or accelerating effect (145, 176) on nitrogen fixa- 
tion by certain saprophytes. Competition exists among different 
strains of nodule bacteria (291), and large numbers of A. chroo- 
coccum prove harmful to lucerne or white clover in sand culture 
(146). 

Aerobic saprophytic bacteria fix nitrogen only in alkaline soils 
(163), having a growth and activity optimum usually between pH 
7 and 9 (166). Soil acidity favors nitrogen fixation by soybeans 
(127) and clover (145). The pH values of nodules of legume 
species examined were found to be within the narrow range of 5.5 


eg 
) 
| 
| 


358 THE BOTANICAL REVIEW 


to 6.6 (317). Aerobic nitrifiers in acid forest soils having a pH 
value as low as 4.7 are largely actinomyces (142). Anaerobes in 
certain Iowa soils appear to assume an important role in nitrogen 
fixation, particularly at an acid pH (311). While bacterial nitrifi- 
cation may occur at a pH as low as 2.9 (238), and physicochemical 
nitrification is most marked in acid soils (230), there is a higher 
degree of nitrification in soils having more nearly neutral reactions 
(325). 

The effect of the addition of any particular element on organisms 
important in the nitrogen cycle depends upon whether that element 
is otherwise deficient or present in excess and, to some extent, upon 
the soil reaction. Ordinarily phosphorus (19, 236, 216), calcium 
(235, 3, 39, 186, 126) and potassium (228, 227) fertilization in 
appropriate amounts favorably influences development and nitrogen 
fixation by Azotobacter spp. and legume bacteria. Saprophytic 
nitrogen fixation in certain western soils increases with the ac- 
cumulation of plant residues, leaching of alkali and the addition 
of the following elements, listed in order of decreasing action: 
Na >Ca> Fe > Mg>Mn>K (117). The order of impor- 
tance of elements as nutrient for legume bacteria appears to be 
Ca>Mg>Ba>K>H (186). The effects of toxic ions, as 
copper and zinc, on soil nitrification are less in organic than in 
mineral soils (173), apparently from the adsorption of such metals 
on colloidal surfaces. Though heavy metals retard nitrogen fixa- 
tion by Azotobacter agile, presumably by reaction with the COOH 
group of the catalyst, many compounds which react with the basic 
group of the catalyst exert a stimulatory action (93). Traces of 
molybdenum accelerate growth and nitrogen fixation by Anabaena, 
Nostoc (32), Azotobacter (288, 181, 42, 135), Clostridium butyri- 
cum (148) and root nodule bacteria (290). Microquantities of 
radium and certain other radioactive elements improve nodulation 
and nitrogen fixation in pea roots (83). A hemoglobin-like pig- 
ment existing in leguminous root nodules in two or more forms 
interconvertible by oxidation arid reduction may be associated with 
symbiotic nitrogen fixation (294), though possibly the same condi- 
tions favor both pigment formation and nitrogen fixation. Hydro- 
genase content is correlated with nitrogen fixation by a number of 

zotobacter spp. (314). That the oxidation and nitrogen-fixation 
mechanisms might be linked is suggested by the function of the 
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oxygen-carrying pigment in legume nodules and the activity of 
hydrogenase in nitrogen fixation by aerobic soil bacteria and possi- 
bly by glue-green algae. The rate and extent of nitrogen fixation 
by Clostridium pasteurianum have been increased two- to three-fold 
by the removal of carbon dioxide during fermentation and through 
the use of shaken cultures (240), possibly in the same way that 
biological processes are activated by tillage, since in clay and similar 
soils hydrogen and nitrate ions at neighboring points are irregularly 
distributed (69). Molecular hydrogen inhibits nitrogen fixation by 
aerobic agents, but not by Cl. pasteuwrianum (240). The toxic 
effect of hydrogen on many soil bacteria (328) is related to the 
high adsorbability of the ion and its competition for adsorption sites 
(187). Carbon monoxide (323) and potassium cyanide inhibit 
nitrogen fixation by suppressing the oxidation of hydrogen (315). 

Deleterious as well as beneficial effects may result from excre- 
tions in mixed cropping (328). Soil disinfection temporarily stimu- 
lates the total population of bacteria, fungi and actinomyces (272), 
while the effects of herbicides are transient, varying from slight 
acceleration to slight inhibition (259, 227, 172). A bacteriophage 
for the root nodule organisms, often present in alfalfa or other 
legume soils (286, 155), frequently exists only on the nodule sur- 
face, and clover plants with the phage are vigorous and normal 
(82). 

The nitrate content of sugar beet petioles varies directly with soil 
nitrogen within the limits normally present in sugar beet soils 
(284). The earlier in the growing season that the concentration 
of soil nitrate falls below 1000 p.p.m. and the more days it remains 
below this level, the lower is the yield and the higher the concentra- 
tion of sucrose in the beets (284). The percentages of nitrogen 
under various fertilizer treatments are more than four times as high 
in the leaves as in the beets (131). Total nitrogen content of 
mature angiosperm leaves ordinarily ranges from around 2.5 to 5.0 
per cent of the dry weight, varying with age of the leaf (327), soil 
pH (280) and fertilizer treatment of the soil (21). Leaves of di- 
cotyledons growing in a nitrogen. deficient gypsum sand deposit 
ranged from approximately 1.5 to 4.0 per cent total nitrogen on a 
dry weight basis (252). 

In normal agricultural land the nitrogen as nitrates may amount 
to as much as 300 p.p.m. of moist soil (207). The yield of staple 
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crops in India suffers when soil nitrogen becomes as low as 300 to 
700 p.p.m. (198), possibly because of the large amounts of carbo- 
hydrate material in the soil. Peach and apple trees make satisfac- 
tory growth where soil nitrogen is present in a concentration of 60 
p-p.m. (62). Sweet potato plants survive with ten p.p.m. nitrogen 
supplied as nitrate (174). In rooted citrus cuttings transferred to 
nutrient solution, growth increases with concentration of nitrate in 
a series of one, three, five, ten and 15 p.p.m. (124). In certain 
species of vascular plants a concentration in the atmosphere or cell 
sap equivalent to one part nitrite or nitrate to 120,000,000 parts 
water ordinarily supplies sufficient nitrogen for assimilative pur- 
poses (200). In nutrient solutions used for experimental work not 
concerned specifically with nitrogen deficiencies, a total concentra- 
tion of nitrogen of approximately 55 p.p.m. is sometimes maintained 
in the form of nitrates or ammonia or the two combined (132, 255). 
A number of plants which take up nitrogen as ammonium salts, 
including corn (168), sugar cane (215) and tomato (274), contain 
higher percentages of nitrogen than plants supplied with nitrates 
(253, 229). Fertilizer treatments often provide an excess of nitro- 
gen (225). A soybean crop may fix up to 165 pounds of nitrogen 
per acre (224), but non-symbiotic microbiological fixation ranges 
from a few to 50 pounds of nitrogen annually per acre (30). 

The carbohydrate: nitrogen ratio exerts an influence on nitrogen 
fixation as profound as that of soil reaction (143). Best symbiotic 
nitrogen fixation occurs with medium amounts of both carbohydrate 
and nitrogen (318), and host nodule tissues are parasitized as the 
carbohydrate: nitrogen ratio within the plant narrows under a re- 
stricted nitrogen supply (273). Saprophytic nitrogen fixation in 
soils is ordinarily inhibited if the carbohydrate: nitrogen ratio is 
greater than 20:1 (247). Straw manuring is beneficial only when 
the nitrogen reserve is such as to maintain a carbohydrate: nitrogen 
ratio of not greater than 20:1 (224). Similarly the stimulatory 
(77) or inhibitory (61) effects of the application of molasses on 
soil nitrification and nitrogen fixation depends upon whether an 
imbalance is produced in the nitrogen: carbohydrate ratio. An 
excess of soil carbohydrate serves as a substrate for the activity of 
a heterotrophic soil microflora which temporarily immobilizes nitro- 
gen (172). When nitrogen is present in the soil in a ratio of less 
than one part nitrogen to 35 parts cellulose the cellulose fermenters 
reduce nitrate as fast as it is formed (12). 
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Decreased nodulation in the presence of soluble nitrogenous salts 
results from inadequate carbohydrate in the roots, since where 
nitrogen is abundant carbohydrate is used for growth in above- 
ground parts where it is synthesized (7). The reduction of nitrates 
and nitrites by soil bacteria is effected more readily where the 
carbohydrate: nitrogen ratio is low (14). 

An estimated annual nitrogen deficit of six and a half million 
(179) to ten million tons (30) is occurring in agricultural soils of 
this country through harvested crops, grazing, erosion and leach- 
ing. Frequently the amount of nitrogen lost from the soil through 
the action of aeration and light is twice as great as that utilized by 
plants (75). Nitrogen losses vary with the cropping procedure on 
cultivated land (120). 

Nitrification in a variety of soils of temperate areas reaches a 
maximum at a moisture content ranging from 50 to 80 per cent of 
the moisture-holding capacity (116, 130), while nitrification in cer- 
tain tropical soils is highest at around 77 inches and lowest at 163 
to 180 inches annual rainfall (41). Azotobacter is usually absent 
from non-irrigated soils in rainfall belts of less than ten inches and 
frequently present in rainfall belts of 15 to 20 inches (287), though 
mineral colloids influence the competition between the soil and 
microorganisms for water (69). Where the differences in seasons 
are pronounced, most nitrate accumulates in summer and least in 
winter (18), even though during warm months nitrate is continu- 
ously being removed by vegetation. . 

A number of organic nitrogen compounds can serve as nitrogen 
sources for Azotobacter (136) which uses combined in preference 
to atmospheric nitrogen, but in the presence of plant material the 
growth and consequently the nitrogen requirement are so greatly 
increased that the organism also utilizes nitrogen of the air (335). 
Experimentally some soils in the presence of calcium carbonate 
nitrify ammonium sulfate to a greater extent than cottonseed meal, 
while others nitrify cottonseed meal more readily (326). 

Studies of the enzyme systems involved and experiments with 
N® as a tracer indicate that ammonia is the most probable key 
intermediate in biological nitrogen fixation by Azotobacter (324). 
The endothermic reactions of nitrogen fixation by Azotobacter are 
promoted by a catalyst which is not the respiratory enzyme (321, 
92) and which appears to include COOH, NHe and C:O groups 
(92). This catalyst is variously influenced by oxidizing, reducing 
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and surface-active agents (99). The common elements of the 
present proposed nitrogen-fixing mechanisms of Azotobacter and 
legume nodule bacteria are reactions involving keto acids (99, 295), 
the production of ammonia (46, 324) and possibly hydroxylamine 
as intermediate products (59, 92). The inhibitory effect of hy- 
droxylamine, which in nitrogen fixation by Azotobacter is reported 
to appear more permanently under acid conditions (59), may be 
responsible in part for the pH sensitivity of this organism. The 
role of hydroxylamine in nitrogen fixation is questioned (220, 30). 

The common sensitivity of the nitrogen-fixing mechanisms of 
symbiotic and saprophytic aerobes and the blue-gree algae to such 
inhibitors as carbon monoxide and hydrogen (323) suggest that the 
mechanisms of nitrogen fixation are similar in all these organisms. 
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